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The Nuclear Force 101. . . 

The nuclear force is
 responsible in forming self
-bound systems of neutrons
 and protons, i.e. nuclei and

 their isotopes  
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  Synthesis of primordial
 elements 

The nuclear force plays an integral role in the evolution of our 
universe. . . 

  Fusion in stars 
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. . . and is responsible for a diverse range of physical phenomena 

  Responsible for ‘core
-bounce’ in supernovae 

  Fission 

Carbon-free energy
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However, there are aspects of the nuclear force that are poorly
 understood even today. . . 

  What is the force
 between two hyperons? 

  What is exact nature of     
 3-body forces in nuclear
 physics? 
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And the list of questions goes
 on and on . . . 

??
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Answers to many of these questions have implications to the
 broader physics community. . .   

Nuclear Forces

Nuclear forces plays a key role
 in many fields of physics 

Nuclear forces

High-Energy Physics

Fusion

Nuclear Structure

Fission

Experimental NP
 Program

Nuclear
 Astrophysics
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So why can’t we answer these questions? 

  The nuclear force is not
 fundamental 
•  Governed by the underlying

 theory of quarks and gluons
—QCD 

uu

d

  At high energies (>>1 GeV),
 theory exhibits ‘asymptotic
 freedom’ 
•  In this regime, QCD has been well

 tested perturbatively 

  At low energies (< 1GeV) QCD
 is a strongly-interacting theory 
•  We have no formal (paper &

 pencil) way of solving QCD in this
 regime 
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QCD is exceptionally hard to calculate in the low-energy regime!!! 

Quantum fluctuations

Feynmanʼs path integral
 formulation accounts for

 quantum fluctuations 

Sum over all possible paths

Infinite-dimensional integral!
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So let’s put an “L” in front of QCD 

b

L

Euclidean Lattice

Theory is now
 amenable to

 numerical studies

To date, LQCD (+ HPC) is the
 only method for calculating

 QCD at energy regimes
 relevant for Nuclear Forces 
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•  SciDAC support for
 development and maintenance
 of LQCD codes

•  DOE support for development
 and acquisition of hardware

•  Allocations given through
 DOEʼs INCITE program

The recent large strides made
 in LQCD have been made
 possible by the cohesive

 program of USQCD and HPC
 allocations by INCITE 
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The Nuclear force is perturbative at larger-than-physical pion 
mass 

High-performance computing is allowing us
 to understand how nature depends on

 fundamental constants of nature 

NPLQ
CD hep/lat 0602010

Example:  N-N scattering
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Weinberg’s prediction for the interaction between pions works 
surprisingly well 

In certain cases, HPC (+ LQCD) is allowing precision calculation of
 nuclear forces at the sub-percent level 

Pislak et al. hep/ex
 0301040
NPLQCD  hep/lat
 0706.3026
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We now know pions have a repulsive three-body force 

E n
 b

t / b

The interaction
 energies of multiple

 pions in a box 

NPLQCD hep/lat:0710.1827 

High-performance
 computing is allowing
 us to probe systems

 that are experimentally
 inaccessible

η
ππ
π f

π4  m
π

mπ  /  fπ

Strength of three-pion
 force
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Kaon condensation—simulating a Bose-Einstein Condensate 

High-performance computing is
 allowing us to solve the quantum

 many-body problem

Kaon chemical
 potential as a

 function of number
 density

Rubidium atoms
 in an atomic

 trap

hep-lat/0807.1856
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What makes nuclear forces and HPC the perfect match? Part 1) 

  Generation of gluon fields   Hybrid Monte Carlo 
•  Molecular dynamics integrator (e.g.

 Omelyan) 
•  Sparse matrix inversion (e.g. CG,  

 CG+deflation, BCGStab) 
-  Condition number ~107-8 

•  Problem scales as b-6 L5mπ
-3 

  Extraction of Observable    Data Analysis   
•  Large ‘noisy’ data sets 
•  Dispersed on different machines 

  Contractions   Forming physically relevant
 objects 
•  Combinatoric—essentially serially so

 far 

  Measurements 
  Calculation of correlators 

•  Large matrix inversions (e.g. CG,   
 CG+deflation) 

•  As expensive as ensemble generation 

Many comp. sci. and applied math. issues
 in HPC are encapsulated in nuclear force

 calculations via LQCD
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What makes nuclear forces and HPC the perfect match? Part 2) 

  Example:  What is the interaction
 between a neutron and sigma? 

n

Σ

???  Experimentally inaccessible 

  HPC + LQCD can calculate the
 interaction terms 

  HPC + LQCD can guide future
 experimental efforts 

Nuclear
 Theory

HPC
 Simulation

Nuclear
 Experiment
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Milestones in calculating Nuclear Forces from QCD . . . 

 Major theme of recent DOE-sponsored
 exascale workshop on nuclear physics

http://extremecomputing.labworks.org/nuclearphysics/index.stm

•  Baryon‐baryon
 interac.ons 
•  Baryon‐meson
 interac.ons 

100x tera  peta  100x peta10x peta 1 Exa‐flop year sustained 10x tera 

•  First calcula.ons of parity
‐viola.ng weak force 

•  Precision meson‐meson
 interac.ons 

•  First calcula.ons of
 triton 

•  NNN interac.on 
•  Alpha par.cle 
• Isospin breaking forces 
• Inclusion of E&M Forces 

Milestone
 significance

We are not shy
 when it comes to

 computational
 needs!
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The future of HPC and Nuclear Physics 

Nuclear
 Forces

Nuclear
 forces

Nuclear
 Astrophysics

High-Energy
 Physics

Fusion

Experimental
 NP Program

Nuclear
 Structure

Fission

Lattice QCD will become a
 powerful calculational tool

 available for nuclear scientists

The various subfields of nuclear
 physics will operate with

 increased synergism

The next generation of nuclear
 scientists will be experts in both
 HPC fields and nuclear physics

Predictive capability will become
 the norm in nuclear science
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The Unification of Nuclear Physics due to High-Performance
 Computing 

LQCD

Ab initio
 structure 

Shell model

Density
 functional

 theory

UNEDF SciDAC
 collaboration


